This paper reports on the measurement of the large-scale anisotropy in the distribution of cosmic-ray arrival directions using the data collected by the air shower detector ARGO-YBJ from 2008 January to 2009 December, during the minimum of solar activity between cycles 23 and 24. In this period, more than 2 × 10 11 showers were recorded with energies between ∼1 and 30 TeV. The observed two-dimensional distribution of cosmic rays is characterized by two wide regions of excess and deficit, respectively, both of relative intensity ∼10 −3 with respect to a uniform flux, superimposed on smaller size structures. The harmonic analysis shows that the large-scale cosmic-ray relative intensity as a function of R.A. can be described by the first and second terms of a Fouries series. The high event statistics allow the study of the energy dependence of the anistropy, showing that the amplitude increases with energy, with a maximum intensity at ∼10 TeV, and then decreases while the phase slowly shifts toward lower values of R.A. with increasing energy. The ARGO-YBJ data provide accurate observations over more than a decade of energy around this feature of the anisotropy spectrum.
INTRODUCTION
The first observations showing that the arrival directions of very high energy cosmic rays (VHE CRs, E>100 GeV) are not isotropically distributed were performed in 1932, soon after the discovery of CRs. However, it was not until the 1950s that underground and surface detectors could provide clear evidence of sidereal anisotropy, with an intensity of 10 −4 −10 −3 with respect to the isotropic background. The detectors measured the anisotropy as a variation of the cosmicray flux over the sidereal day and, based on harmonic analysis, the data from different experiments were compared in terms of the amplitudes and phases of the lowest-order harmonics.
In 1998, by combining the data from different experiments operating in the primary energy range ∼0.1-10 TeV and located in the northern and southern hemispheres, two structures were recognized: an excess close to the direction of the heliotail (which has since been referred to as the "tail-in" excess) and a broad deficit in the direction of the Galactic North Pole, which authors thought originated from a poloidal, coneshaped component of the galactic magnetic field (since then, named the "loss-cone"; Nagashima et al. 1998) .
In the last decade, ground-based and underground/under-ice experiments with great statistics and good angular resolution have provided two-dimensional representations of the CR arrival directions, allowing for detailed morphological studies of the anisotropy structures. The new data concern both the northern hemisphere (Super Kamiokande, Tibet ASγ, Milagro, and ARGO-YBJ experiments) and the southern hemisphere (the IceCube and IceTop experiments; Amenomori et al. 2006; Guillian et al. 2007; Abdo et al. 2009; Zhang 2009; Abbasi et al. 2010 Abbasi et al. , 2011 Abbasi et al. , 2012 Aartsen et al. 2013) . Although no systematic attempt has been made to merge all of the data to obtain a full-sky map of CRs, observations clearly depict a common large-scale structure in the arrival direction distribution of CRs with energy less than 100 TeV. Dipole and quadrupole components mostly contribute to the "tail-in" (R.A. ∼50°-130°) and the "loss-cone" (R.A. ∼160°-240°). Narrower and less intense regions were also detected by the most sensitive experiments (Abdo et al. 2008; Abbasi et al. 2011; Bartoli et al. 2013; Abeysekara et al. 2014) .
Of particular importance are the results at higher energies from EAS-TOP (Aglietta et al. 2009 ), IceCube (Abbasi et al. 2012) , and IceTop (Aartsen et al. 2013 ) that have revealed a completely different scenario: a strong deficit at R.A. around 80°(relative intensity 2 × 10 −3 and size about 35°), at energies of ∼400 TeV and ∼2 PeV, respectively, which is consistent with an abrupt phase variation of the first harmonics by ∼10 hr of sidereal time at energy above ∼400 TeV.
Concerning the energy dependence of the observed anisotropy, the intensity shows a tendency to increase from 0.1 to 10 TeV, whereas the phase slowly shifts a few hours over the same energy interval. The results from Amenomori et al. (2006) showed a progressively smaller amplitude between 10 and 100 TeV. The Kascade collaboration did not detect any signal above 700 TeV (Antoni et al. 2004) , whereas EAS-TOP, IceCube, and IceTop detected modulations of increasing intensity above 400 TeV, accompanied by the above cited phase flip at ∼400 TeV (Aglietta et al. 2009; Abbasi et al. 2012; Aartsen et al. 2013) .
The temporal behavior of the anisotropy is more controversial. While Milagro reported a steady increase of the intensity at a median energy of about 6 TeV from 2000 to 2007 (corresponding to a decrease of the solar activity; Abdo et al. 2009 ), the Tibet AS γ experiment did not observe any significant difference in the anisotropy intensity at ∼5 TeV for nine years of data from 1999 to 2008 (Amenomori et al. 2010 (Amenomori et al. , 2012 . On the other hand, a weak correlation between the anisotropy amplitude at an energy of ∼0.6 TeV and the solar activity has been found in a 22 year muon data set (Munakata et al. 2010) .
A number of explanations for the CR anisotropy have been proposed. The ingredients for a model are CR production, acceleration, and propagation, which are considered together or independent of each other. The effect may simply relate to the uneven distribution of CR sources in the Galaxy or reflect propagation features that are not yet understood. The Galactic magnetic field and the local magnetic field, mostly in the heliosphere, likely play a major role in this area. If the heliosphere is one of the causes of the observed CR anisotropy, then one could expect a time variation for the effect related to the solar cycle.
Additionally, Compton and Getting predicted a dipolar anisotropy (not yet observed in sidereal time) due to the motion of the observer relative to the CR plasma. Assuming that CRs do not co-rotate with the Galaxy (Compton & Getting 1935) , there would be an excess of CR intensity from the direction of motion of the solar system, while a deficit would appear in the opposite direction. Because of its purely kinematic origin, the Compton-Getting effect (CGE) is independent of the CR primary energy.
The recent works of Zhang et al. (2014) and Schwadron et al. (2014) discussed the local origin model of the anisotropies, while Qu et al. (2012) proposed a global galactic "CR Stream" model to understand the observation of the major anisotropic components in the solar vicinity. Some works focus on smallerscale anisotropies, such as those observed by Milagro (Abdo et al. 2008 ) and ARGO-YBJ (Bartoli et al. 2013) , and attempt to explain that the excess could be related to the Geminga pulsar as a local cosmic-ray source (Salvati & Sacco 2010) , or could be due to the magnetic mirror effect on CRs from a local source (Drury & Aharonian 2008) . Many related studies are ongoing. However, a generally accepted theory capable of explaining all of the observations does not yet exist, and more data are necessary to provide solid ground for a firm theory.
This paper reports on observations of the large-scale anisotropy created by the air shower detector ARGO-YBJ from 2008 January to 2009 December, during the minimum of solar activity between cycles 23 and 24. ARGO-YBJ was equipped with a full-coverage "carpet" of particle detectors, a solution which significantly lowers the primary energy threshold and provides a high trigger rate. These features allowed for the accurate investigation of the CR anisotropy over the energy range ∼1-30 TeV. The choice of limiting this work to the solar minimum period was made to reduce any possible influence of solar activity on the arrival distribution of cosmic rays. A study of the behavior of the anisotropy during the years of increasing solar activity of cycle 24 is deferred to a future publication.
In this article, the experiment layout and the detector performance are reported in Section 2. Section 3 contains a description of the analysis technique. Section 4 reports the results in terms of two-dimensionl maps and harmonic analysis in sidereal time. The energy dependence of the anisotropy is described and systematic uncertainties are discussed. A summary concludes the paper in the last section.
THE ARGO-YBJ EXPERIMENT
The ARGO-YBJ experiment is a full-coverage air shower detector located at the Yangbajing Cosmic Ray Laboratory (Tibet, P.R. China, longitude 90°. 5 east, latitude 30°. 1 north) at an altitude of 4300 m above the sea level, devoted to gammaray astronomy above ∼300 GeV and cosmic-ray studies above ∼1 TeV.
The detector consists of a ∼74 × 78 m 2 carpet made of a single layer of Resistive Plate Chambers (RPCs) with ∼92% active area, sorrounded by a partially instrumented (∼20%) area up to ∼100 × 110 m 2 . The apparatus has a modular structure where the basic data acquisition element is a cluster (5.7 × 7.6 m 2 ) made of 12 RPCs (2.85 × 1.23 m 2 ). Each RPC is read by 80 strips of 6.75 × 61.8 cm 2 (the spatial pixels), logically organized into 10 independent pads of 55.6 × 61.8 cm 2 which are individually acquired and represent the time pixels of the detector (Aiellia et al. 2006) . To extend the dynamical range up to PeV energies, each RPC is equipped with two large pads (139 × 123 cm 2 ) to collect the total charge developed by the particles hitting the detector. The full experiment is made of 153 clusters (18360 pads), for a total active surface of ∼6600 m 2 . ARGO-YBJ operates in two independent acquisition modes: the shower mode and the scaler mode. In shower mode, all showers with a number of hit pads N hits 20 in the central carpet for a time window of 420 ns generate the trigger. The events collected in shower mode contain both digital and analog information on the shower particles. In this analysis, we refer to the digital data recorded in shower mode.
The primary arrival direction is determined by fitting the arrival times of the shower front particles. The angular resolutions of cosmic-ray-induced showers have been checked using the Moon shadow (i.e., the shadow cast by the Moon on the cosmic-ray flux), observed by ARGO-YBJ with a statistical significance of ∼9 standard deviations per month. The shape of the shadow provided a measurement of the detector pointspread function, which has been found to agree with expectations. The angular resolution depends on N hits (hereafter referred to as pad multiplicity) and varies from 0°. 3 for N hits > 1000 to 1°. 8 for N hits = 20-39 (Bartoli et al. 2011) .
The pad multiplicity is used as an estimator of the primary energy. The relation between the primary energy and the pad multiplicity is given by Monte Carlo simulations. The reliability of the energy scale has been tested with the Moon shadow. Due to the geomagnetic field, cosmic rays are deflected according to their energy and the Moon shadow is shifted with respect to the Moon position by an amount depending on the primary energy. The westward shift of the shadow has been measured for different N hits intervals and compared to simulations. We found that the total absolute energy scale error is less than 13% in the proton energy range ∼1-30 TeV, including uncertainties on the cosmic-ray elemental composition and the hadronic interaction model (Bartoli et al. 2011 ).
DATA SELECTION AND ANALYSIS TECHNIQUE
The full ARGO-YBJ detector was in stable data taking mode from 2007 November to 2013 February with a trigger rate of ∼3.5 kHz and an average duty cycle of ∼86%. For this analysis, the 2 × 10 11 events recorded in 2008-2009 were selected according to the following requirements:
1. more than 40 pads fired in the central carpet: N hits 40; and 2. shower zenith angle θ < 45°. About 3.6 × 10 10 events survived the selection with arrival directions in the decl. band −10°< δ < +70°.
The isotropic CR background was estimated via the equizenith (EZ) angle method, wherein the expected distribution was fit to the experimental data by minimizing the residuals using an iteration technique (Amenomori et al. 2005a ). This approach undoubtedly presents the advantage that it can account for effects caused by instrumental and environmental variations, such as changes in pressure or temperature. The method assumes that the events are uniformly distributed in azimuth for a given zenith angle bin, or at least that gradients are stable over a long time, as is the case for ARGO-YBJ (Li et al. 2012; Bartoli et al. 2014a) .
Two sky maps are built with cells of 1°× 1°in R.A. α and decl. δ: the event map N(α i ,δ j ) containing the detected events, and the background map N , i j b ( ) a d containing the background events as estimated by the EZ method. The maps are smoothed to increase the statistical significance, i.e., for each map bin, the events inside a circle of radius 5°around that bin are summed.
Let I i,j denote the relative intensity in the sky cell (α i , δ j ), defined as the ratio of the number of detected events and the estimated background events:
The statistical significance s of the excess (or deficit) of cosmic rays with respect to the expected background is given by
into account the number of bins used to evaluate the average background with the EZ method.
SIDEREAL ANISOTROPY
The significance map of the excesses obtained by ARGO-YBJ using the events with N hits 40 is given in the first panel of Figure 1 , while the corresponding map showing the relative intensity of cosmic rays is reported in the second panel of the same figure. According to simulations (see next subsection), the median energy of the selected events is 1.3 TeV.
Two distinct large structures are visible: a complex excess region at R.A. = 50°-140°(the so called "tail-in" excess) and a broad deficit at R.A. = 150°-250°(the "loss-cone"). A small diffuse excess around R.A. = 310°and δ = 40°is also present with a significance of about 13 standard deviations, corresponding to the Cygnus region, mostly due to gamma-ray emission. The Cygnus region hosts a number of gamma-ray sources, plus an extended emission region detected by Fermi-LAT (Nolan et al. 2012 ) and ARGO-YBJ (Bartoli et al. 2014b) known as the "Cygnus Cocoon." Since ARGO-YBJ cannot distinguish between cosmic-ray and gamma-ray showers, the map of Figure 1 also contains some excess due to gamma-ray sources, like the Crab Nebula (R.A. = 83°. 6, δ = 22°. 0). The excesses due to gamma-ray sources have a relatively small statistical significance compared to that reported by ARGO-YBJ in gamma-ray studies (Bartoli et al. 2014c (Bartoli et al. , 2015 because the analysis parameters here are not optimized for gamma-ray measurements and the smoothing angle is much larger than the angular resolution for gamma-rays. Since the excesses due to gamma-rays are highly localized, they do not alter the largescale structure of the map.
The lower panel of Figure 1 shows the intensity as a function of the R.A., obtained by projecting the two-dimensional map on the R.A. axis, in bins of 15°, and averaging over the decl. values. Following the standard harmonic analysis procedure, we fit the projected intensity with the first two terms of the Fourier series:
cos 2 180 , 3 The obtained best-fit amplitudes and phases of the two harmonics are A 1 = (6.8 ± 0.06) × 10 −4 , A 2 = (4.9 ± 0.06) × 10 −4 ,φ 1 = (39.1 ± 0.46)°, and φ 2 = (100.9 ± 0.32)°w ith a χ 2 /degrees of freedom (dof) = 1273/20. The given errors are purely statistical. The poor χ 2 /dof value is due to the simple fitting function, which is not able to describe the complex morphology of the map, in particular, the R.A. region from 50°to 140°. Indeed, the fit does not improve substantially even by adding a third harmonic. More detailed analysis of these structures and their energy dependence have been discussed in Bartoli et al. (2013) . Despite the large χ 2 value due to the small structures superimposed on the smoother modulation, the figure shows that the general shape of the anisotropy can be satisfactorily described with two harmonics.
Our data, similar to previous measurements by other detectors, rule out the hypothesis that the sidereal CGE is the dominant anisotropy component. The CGE has a purely kinetic nature, and directly follows from the relative motion of the observer and the medium. If the velocity field is uniform, then the intensity of the anisotropy depends on v n t ( ) · , where v t ( ) is the velocity of the medium with respect to the observer and n is the observing direction. Assuming that cosmic rays do not co-rotate with the Galaxy (Amenomori et al. 2006) , taking into account the Sunʼs orbital speed (∼200 km s −1 ), the CG effect predicts a dipole anisotropy of amplitude A CG = 3.5 × 10 −3 , which is much larger than what we observe, with the maximum in the direction of the motion of the solar system around the Galactic Center, (i.e., R.A. = 315°and δ = 49°) and the minimum in the opposite direction; this is inconsistent with the position of the excess and deficit regions observed in our analysis.
Anisotropy Versus Energy
Recent and past observations of cosmic rays have shown that the anisotropy is energy dependent. Thanks to its high statistics, ARGO-YBJ can separately study the anisotropy in different energy ranges. We divided the data into seven subsets, according to the number of fired pads: N hits = 40-59, 60-99, 100-160, 160-300, 300-700, 700-1000, and N hits 1000.
The median energy corresponding to the above intervals has been estimated by means of a Monte Carlo simulation. The showers were generated by the CORSIKA code v.6.502 (Heck et al. 1998 ) assuming a power-law spectrum with a differential index of α = −2.63 (Bartoli et al. 2014d ) and a primary energy ranging from 10 GeV to 1 PeV. Hadronic interactions at high energies are treated with the QGSJET-II model, while the low energy interactions are treated with GHEISHA. A total of 2 × 10 8 events were sampled in the zenith angle band from 0°t o 70°. A GEANT4-based detector simulation code was used to determine the detector response (Guo et al. 2010) . The events were then selected according to the cuts used in the analysis of real data, and divided into seven samples according to the number of hits recorded by the detector. According to the simulations, the primary median energy corresponding to the different N hits intervals are: 0.98, 1.65, 2.65, 4.21, 7.80, 13.6, and 29.1 TeV, respectively.
The left panel of Figure 2 (a) shows the relative intensity maps for the seven N hits intervals. Structures with complex morphologies are visible in all of the maps, changing shape with energy. It has to be noted, however, that the structures at decl. δ < 0°and δ > 60°observed in the maps with N hits 700 are statistical fluctuations due to the limited statistics, as can be deduced from Figure 2 (b), which shows the statistical significance of the same maps.
As for the total sky map, harmonic analysis has been performed for the seven N hits intervals using the projection of the two-dimensional maps onto the R.A. axis. The best-fit curves are shown in the right panel of Figure 2 (c), while the obtained values of amplitudes and phases are summarized in Table 1 .
According to this analysis, the first harmonic amplitude steadily increases for energies from ∼1 to ∼10 TeV, after which it decreases. The amplitude almost doubles in less than one energy decade, then decreases to a smaller value for energies of ∼20-30 TeV. This trend is shown in the upper panel of Figure 3 , which reports the determined amplitudes as a function of the median primary energy, together with the results of other experiments covering the energy range ∼100 GeV-500 TeV (see Di Sciascio & Iuppa 2013 and references therein). All of the data agree on the existence of a maximum in intensity around ∼10 TeV.
The lower panel of Figure 3 shows the phase of the first harmonics as a function of energy. The phase values found by ARGO-YBJ are consistent with the general trend of a slow phase decrease with energy up to about 400 TeV, when an abrupt change of phase occurs.
From Table 1 , one can see that the amplitude of the second harmonics is generally smaller than that of the first one. It shows a similar up-and-down trend with energy, but the percent variation is smaller: the amplitude increases by a factor ∼1.5 in the energy interval 1-4 TeV, then decreases at higher energies.
The trends of the amplitude and phase found in the harmonic analysis reflect the energy dependence of the intensity maps of Figure 2 . The absolute values of the minimum and maximum intensity increase with energy up to ∼10 TeV and decrease afterwards. At the same time, the regions of maximum and minimum intensity slightly shift toward lower R.A. values at the highest energies.
It is interesting to compare our data with the Tibet AS-γ array results given in Amenomori et al. (2012) , which report the amplitude of the "loss-cone" deficit over 8 years, from 2000 to 2007, for three values of the primary median energy (4.4, 6.2, and 11 TeV), compared with a Milagro measurement at 6 TeV performed in about the same time interval. According to Tibet AS-γ data, the deficit amplitude (defined as the difference between unity and the relative intensity at the minimum of the best-fit curve of the harmonic analysis) is stable during the period under study with a value in the range ∼0.0010-0.0013, while the Milagro data show a linear increase of the amplitude with time, going from ∼0.0014 in 2001 to ∼0.0034 at the end of 2006. Our data, which closely follow the AS-γ and Milagro measurements in time, show a deficit amplitude in the range 0.0012-0.0016 for energies ∼4-14 TeV (see Figure 2(c) ), in agreement with the Tibet results but not confirming the large increase observed by Milagro.
Systematic Uncertainties
Systematic errors in the sidereal analysis can be due to seasonal and diurnal effects, like atmospheric temperature and pressure variations that modify the cosmic-ray rate and the detector efficiency, and which do not completely cancel out even using full-year data. Considering the small amplitude of the anisotropy, systematics must be carefully evaluated and taken under control.
A standard test to verify the absence of solar effects in sidereal measurements is the harmonic analysis in anti-sidereal time. The anti-sidereal time is an artificial time which has 364.25 cycles per year, one day less than the number of days in a year of solar time, and two days less than the number of sidereal days. In principle, the harmonic analysis in antisidereal time should find no anisotropy at all, since no physical phenomena exist with such a periodicity. However, if some effect in solar time influences the sidereal distribution, it will also affect the anti-sidereal one. The anti-sidereal analysis is a valid method to estimate such systematics, and if needed, to correct them (Guillian et al. 2007) .
The results of the anti-sidereal analysis are reported in the last column of Table 1. The observed amplitudes provide a good estimate of the systematic uncertainty of the corresponding sidereal amplitudes for each N hits interval. Since they are about 13% or less than the sidereal ones, a correction of the solar effects is not necessary for this analysis. For example, the upper panel of Figure 4 reports the anti-sidereal distribution for N hits = 60-99. The lower panel shows that the effect of the correction on the sidereal analysis, performed according to the method described in Guillian et al. (2007) , is negligible.
Further checks of the reliability of our data have been performed by exploiting the East-West method and the Compton Getting effect.
The East-West Method
Before the late 1990s, when experiments were not able to collect enough statistics to study the distribution of the CR arrival direction both in the R.A. and decl., measurements were performed by exploiting the "East-West" method (Aglietta et al. 2009; Bonino et al. 2011 ). This method is based on a differential approach: for each decl. belt, the difference of the event rate measured at +h and −h hour angle is considered. If this quantity is studied as a function of the local sidereal time, then the "derivative" of the sidereal anisotropy projection is obtained and a simple integration gives the sidereal anisotropy. This analysis is based on the difference between the event rates recorded simultaneously from different directions, and hence is free from systematics due to spurious rate variations. In the analysis presented here, h was calculated by averaging the hour angles of all of the events with a zenith angle less than 45°, and was found to be 18°. 6.
Due to the deep differences between the EZ and the EastWest method, both in the approach and in handling data, a comparison between them provides a good estimate of systematic uncertainties. In Figure 5 , the R.A. projections obtained with the EZ and the East-West methods are shown, for events with N hits > 40. No significant differences are found between the two distributions and the agreement makes us confident on the reliability of the measurement.
Solar Compton Getting Effect
As explained previously, the CG effect was originally proposed as a prediction of a dipolar anisotropy which should be observed in sidereal time because of the motion of the solar system with respect to the CR medium. Such an anisotropy is not the only CG effect that can be investigated. In fact, the Earth itself moves around the Sun and a CG effect should be observed in solar time. Like the sidereal CG effect, the solar CG effect can be predicted with a simple analytical model (Compton & Getting 1935) . Given a power-law cosmic-ray spectrum, the fractional CR intensity variation I I D is:
where γ is the index of the spectrum, v is the Earthʼs velocity, c is the speed of light, and α is the angle between the arrival direction of cosmic rays and the direction of the detector motion, which changes continuously due to the Earth's rotation and revolution. Assuming γ = 2.63 and v = 30 km s −1 , by averaging the angle α over one year, the expected signal is a dipole anisotropy with an average amplitude of 3.82 × 10 −4 at 6.0 hr of solar time.
Even if the observation of the solar CG effect is less important than the sidereal one (because there is no doubt that CRs do not co-rotate with the Earth around the Sun), nevertheless, it provides important indications as to the stability of the apparatus, and the agreement between observation and expectation would be a strong validator of the detector performance, as well as of the full chain of analysis. φ 2 (°) 88.7 3.6 12.5
Notes. E m is the median primary energy corresponding to each N hits interval. The column "sidereal time analysis" reports the best-fit values of the harmonic analysis in sidereal time. The corresponding statistical errors are given in the σ stat columm. The column "anti-sidereal analysis" reports the results in anti-sidereal time.
Since the effects of the Sun's activity could influence the propagation of cosmic rays up to ∼1-10 TeV, we study the CG signal using events of higher energy. Figure 6 reports the event distribution in solar time compared to that expected for showers with N hits > 500, which correspond to a median primary energy of 13.7 TeV. The solar CG effect is clearly observed with an (Sakakibara et al. 1973; Gombosi et al. 1975; Alexeenko et al. 1981; Cutler et al. 1981; Lagage & Cesarsky 1983; Morello et al. 1983; Thambyaphillai 1983; Nagashima et al. 1985; Swinson & Nagashima 1985; Andreyev et al. 1987; Lee & Ng 1987; Nagashima et al. 1989; Kuznetsov 1990; Ueno et al. 1990; Cutler & Groom 1991; Aglietta et al. 1995 Aglietta et al. , 1996 Fenton et al. 1995; Mori et al. 1995; Munakata et al. 1997 Munakata et al. , 1999 Ambrosio et al. 2003; Amenomori et al. 2005b; Guillian et al. 2007; Abdo et al. 2008 Abdo et al. , 2009 Aglietta et al. 2009; Alekseenko et al. 2009; Abbasi et al. 2010 Abbasi et al. , 2012 amplitude of (3.64 ± 0.36) × 10 −4 and a phase of 6.67 ± 0.37 hr (χ 2 /dof = 34.5/16).
SUMMARY AND CONCLUSIONS
This paper reports on the measurement of the large-scale anisotropy by the ARGO-YBJ experiment in the energy range ∼1-30 TeV. The data collected in 2008 and 2009, during a phase of minimum solar activity, have been used to built a twodimensional map of the CR intensity in the decl. band −10°< δ < +70°. Two large structures are observed, i.e., an excess region at R.A. = 50°-140°in the direction of the heliotail and a broad deficit at R.A. = 150°-250°in the direction of the Galactic North Pole (R.A. = 192°. 3, δ = 27°. 4). These observations are in fair agreement with previous results from other experiments using different techniques, supporting the robustness of the result. In particular, the amplitude of the deficit is consistent with that measured by the Tibet AS-γ array during the previous 8 years.
The high statistics of our sample allowed the detection of many structures of angular size as small as ∼10°, superimposed on the largest structures. Even neglecting such small structures, the observed anisotropy is not a pure dipole and the harmonic analysis of the intensity distribution as a function of the R.A. shows that the data can be described by the first two components of a Fourier series, representing the diurnal and semidiurnal sidereal modulation. The amplitude of the first harmonic is about a factor of 1.5 larger than the second.
The energy dependence of the anisotropy has been studied building two-dimensional sky maps for seven different intervals of event multiplicity with median energies ranging from 1 to 30 TeV. The excess and deficit regions are observed with high significance. The data show that the absolute value of the intensity of both regions increases with energy up to ∼10 TeV, then decreases, while the positions of both the maximum and the minimum slightly shift toward smaller values of R.A. The similar energy dependence could suggest that the origin of the excess and deficit regions is the same.
The harmonic analysis shows that the amplitude of the first harmonic increases with energy and doubles in the range ∼1-10 TeV, then decreases. The position of maximum intensity is consistent with the data of other detectors working in different energy ranges. The general scenario is that the first harmonic amplitude increases by a factor of ∼5 in the energy range ∼100 GeV-10 TeV, and then decreases until the energy reaches ∼400 TeV where the phase abruptly changes. The phase observed by ARGO-YBJ is around 3 hr of sidereal time, consistent with the decrease trend observed in the 100 GeV-300 TeV range. The second harmonic amplitude also shows similar behavior, but the variation is smaller.
In conclusion, the ARGO-YBJ data provide accurate observations in the energy range where the anisotropy reaches its maximum intensity, with a set of high statistics data covering more than one decade of energy around this feature. The reliability of the data and the analysis technique has been checked using the East-West method, which gives consistent results, and with the observation of the solar CG effect at energies above 10 TeV, where the Sun activity effects are expected to be negligible.
The origin of the observed anisotropy is still unknown. Galactic cosmic rays are believed to be accelerated by supernova blast waves and then trapped in the Galactic magnetic fields. Since the strength of the magnetic fields is supposed to be of the order of a few micro-Gauss, the gyroradii of CRs of energy 1-10 TeV could be of the order of 10 2 --10 3 -pc, which is much smaller than the thickness of the Galactic disk (∼200 pc). Hence, the motion of cosmic rays is expected to be randomized and the arrival direction highly isotropical. The observed small anisotropies are likely due to the superimposition of different components which operate at different scales. The distribution of sources, the irregularities of the magnetic field, in particular in the neighborhood of the Sun, likely contribute to some extent to shape the cosmic-ray spatial distribution. The heliosphere could contribute to model the anisotropy below 10 TeV with possible effects related to solar activity. All of these components can be disentangled in the future only with more precise measurements exploring in detail the angular structures and the evolution of cosmic-ray anisotropies over a wide energy range.
